In this study at the MP2/6-311++G(2df,pd)//B3LYP/6-311++G(d,p) level of quantummechanical theory it was explored conformational variety of the isolated quercetin molecule due to the mirror-symmetrical hindered turnings of the O3H, O5H and O7H hydroxyl groups, belonging to the A and C rings, around the exocyclic C-O bonds. These dipole active conformational transformations proceed through the 72 transition states (TSs; C 1 point symmetry) with non-orthogonal orientation of the hydroxyl groups relatively the plane of the A or C rings of the molecule (HO7C7C8/HO7C7C6 = ±(89.9-93.3), HO5C5C10 = ±(108.9-114.4) and HO3C3C4 = ±(113.6-118.8 degrees) (here and below signs '±' corresponds to the enantiomers)) with Gibbs free energy barrier of activation ∆∆G TS in the range 3.51-16.17 kcal·mol -1 under the standard conditions (T = 298.1 K and pressure 1 atm): ∆∆G TS O7H (3.51-4.27) < ∆∆G TS O3H (9.04-11.26) < ∆∆G TS O5H (12.34-16.17 kcal mol −1 ). Conformational dynamics of the O3H and O5H groups is partially controlled by the intramolecular specific interactions O3H . . . O4, C2 /C6 H . . . O3, O3H . . . C2 /C6 , O5H . . . O4 and O4 . . . O5, which are flexible and cooperative.
Introduction
Quercetin molecule is one of the important flavonoids and has a broad range of anti-oxidant, anti-inflammation and others therapeutic actions [1] [2] [3] [4] [5] [6] [7] . This compound, which consists of (A + C) and B rings and five OH hydroxyl groups at the 3, 3 , 4 , 5 and 7 positions [8] [9] [10] [11] [12] [13] , is usually gained from plants, vegetables and fruits like blueberries, apples, green tea, wine and onion. At the same time, it possesses low solubility in water and poor permeability in physiological solutions, which limits its application in the pharmaceutical field [14] . It was the object of the theoretical analysis, in particular with the application of the quantum-chemical methods [11, 15] .
Intrinsic reaction coordinate (IRC) calculations has been performed using Hessian-based predictor-corrector integration algorithm [37] by following in the forward and reverse directions from each TS, containing one and only one imaginary frequency in the vibrational spectra.
All calculations have been provided for the quercetin molecule as its intrinsically inherent property. Electronic and Gibbs free energies under standard conditions have been calculated at the MP2/6-311++G(2df,pd)//B3LYP/6-311++G(d,p) level of QM theory [38] [39] [40] .
The time τ 99.9% , which is needed for reaching the 99.9% of the equilibrium concentration of the reactant and product has been calculated by the formula [41] :
where forward k f and reverse k r rate constants for the conformational transitions have been obtained by the formula [41] :
where Γ-Wigner's coefficient, accounting tunneling [42] :
where k B -Boltzmann's constant, h-Planck's constant, ∆∆G f,r -Gibbs free energy of activation for the conformational transition in the forward (f ) and reverse (r) directions and ν i -magnitude of the imaginary frequency of the vibrational mode at the TSs. The lifetime τ of the conformers has been obtained using the formula:
The topology of the electron density was analyzed by AIM'2000 program package [43, 44] , based on the Bader's quantum theory of "Atoms in Molecules" (QTAIM). For this purpose it was used wave functions received at the B3LYP/6-311++G(d,p) level of QM theory.
Energies of the unusual intramolecular CH···O H-bonds and OH . . . HC dihydrogen bonds [45] and attractive O···O vdW contacts [16, 17] have been calculated by the empirical Espinosa-Molins-Lecomte (EML) formula [46, 47] : E CH···O/OH···HC/O···O = 0.5·V(r), (5) where V(r)-value of a local potential energy at the (3, −1) BCP. The energies of the classical intramolecular OH···O H-bonds have been received by the Nikolaienko-Bulavin-Hovorun (NBH) formula [48] :
where ρ-the electron density at the (3, −1) BCP of the H-bond. In this work standard numeration of the atoms of the quercetin molecule was used [16, 17] (see Scheme 1). Scheme 1. Representation of the structure of the quercetin molecule and numbering of its atoms. Rotations of the O3H, O4H and O5H hydroxyl groups are designated by the yellow arrows.
Results and Discussion
Aiming to achieve the goal set in this work and obtain maximally possible information according to the conformational properties of the quercetin molecule, which is connected with the mirrorsymmetric turnings of the hydroxyl groups in the 3, 5 and 7 positions around the corresponding exocyclic C-O bonds, we localized all possible 72 TSs (24 for each hydroxyl group-O3H, O5H and O7H), which were controlling these processes (see for more details Figures 1-4 and Tables [1] [2] [3] [4] [5] . This enabled us to receive a complete picture of the conformational mobility and to obtain a number of interesting physico-chemical regularities.
Thus, all established TSs (C1 point symmetry; Figures 1-3 , Tables 1-3 and 5) have nonorthogonal structure-corresponding dihedral angles, which describe the orientation of the OH hydroxyl groups according the rings, to which they are covalently bonded, lie in the range ±(89.9-93.3)/±(108.9-114.4)/±(113.6-118.8) degrees (sings "±" correspond to enantiomers). This fact is connected with the asymmetrical surrounding of the lone electron pairs of the oxygen atom of the hydroxyl groups. In the process of the turning via the TSs it was not observed deformation of the hydroxyl groups or rings, with which they are bounded. In other words, these fragments of the quercetin molecule could be considered as non-deformational, rigid rotators. Turning of the O5H and O7H around the 180 degree around the C5-O5 and C7-O7 bonds practically do not change the geometry of the molecule. At the same time, the torsional mobility of the O3H hydroxyl group is closely connected with the torsional mobility of the B ring around the C2-C1′ bond (Figures 1-3 , Tables 1-3 
and 5).
Interestingly, that TSs, which control the torsional mobility of the O3H and O5H hydroxyl groups, are stabilized by the intramolecular specific interactions (Figures 2-3 and 5). The same effects are not characteristic for the rotation of the O7H hydroxyl group (Figure 1 ).
In the first case for the O3H hydroxyl group turning-there are non-standard [45] С2′Н/С6′Н...О3H H-bonds (2.86-2.99/2.83-2.95 kcal·mol −1 ); in the second case-attractive О4...О5 vdW contact (2.91-3.27 kcal·mol −1 ). It should be noted that energies of these interactions in TSs are higher, than in the corresponding conformers-starting in the first case and terminal-in the second case [16] .
It attracts attention that at the TSs O7H , where O7H hydroxyl group is not involved in the intramolecular specific interactions, the energy of all others specific interactions (О5Н…О4, О3Н…О4, О3Н…С2′/С6′, С2′/С6′Н…О3 and О4…О5), especially of two first, slightly changes (no more than by 5%) in comparison with the analogous values for the starting or terminal conformers. It points on the fact, that strictly saying, specific intramolecular contacts are not interactions, which are localized at the defined set of atoms and are dependent on the conformational state of the whole molecule.
It was observed interesting dependencies of the influence of the rotation of the hydroxyl group around the C-O bond on the energy of the specific intramolecular interactions for the TSs O5H (Figure  2 , Tables 2 and 5 ). In the case of the conformational transitions in the non-planar conformers of the quercetin molecule this influence on the energies of the О3Н…С2′/С6′ H-bonds and attractive О4…О5 vdW contacts could be neglected, since it is insignificant. Transition of the O5H hydroxyl group at the TSs of the planar conformers caused insignificant increasing of the energy (by 0.07 kcal mol −1 ) of the О4…О5 contact in comparison with the final conformers. At the same time, the energy Scheme 1. Representation of the structure of the quercetin molecule and numbering of its atoms. Rotations of the O3H, O4H and O5H hydroxyl groups are designated by the yellow arrows.
Results and Discussion
Aiming to achieve the goal set in this work and obtain maximally possible information according to the conformational properties of the quercetin molecule, which is connected with the mirror-symmetric turnings of the hydroxyl groups in the 3, 5 and 7 positions around the corresponding exocyclic C-O bonds, we localized all possible 72 TSs (24 for each hydroxyl group-O3H, O5H and O7H), which were controlling these processes (see for more details Figures 1-4 and Tables 1-5 ). This enabled us to receive a complete picture of the conformational mobility and to obtain a number of interesting physico-chemical regularities.
Thus, all established TSs (C 1 point symmetry; Figures 1-3 , Tables 1-3 and Table 5 ) have nonorthogonal structure-corresponding dihedral angles, which describe the orientation of the OH hydroxyl groups according the rings, to which they are covalently bonded, lie in the range ±(89.9-93.3)/ ±(108.9-114.4)/±(113.6-118.8) degrees (sings "±" correspond to enantiomers). This fact is connected with the asymmetrical surrounding of the lone electron pairs of the oxygen atom of the hydroxyl groups. In the process of the turning via the TSs it was not observed deformation of the hydroxyl groups or rings, with which they are bounded. In other words, these fragments of the quercetin molecule could be considered as non-deformational, rigid rotators. Turning of the O5H and O7H around the 180 degree around the C5-O5 and C7-O7 bonds practically do not change the geometry of the molecule. At the same time, the torsional mobility of the O3H hydroxyl group is closely connected with the torsional mobility of the B ring around the C2-C1 bond (Figures 1-3 , Tables 1-3 and Table 5 ).
Interestingly, that TSs, which control the torsional mobility of the O3H and O5H hydroxyl groups, are stabilized by the intramolecular specific interactions (Figure 2 , Figure 3 and Table 5 ). The same effects are not characteristic for the rotation of the O7H hydroxyl group (Figure 1 ).
In the first case for the O3H hydroxyl group turning-there are non-standard [45] C2 H/C6 H...O3H H-bonds (2.86-2.99/2.83-2.95 kcal·mol −1 ); in the second case-attractive O4...O5 vdW contact (2.91-3.27 kcal·mol −1 ). It should be noted that energies of these interactions in TSs are higher, than in the corresponding conformers-starting in the first case and terminal-in the second case [16] .
It attracts attention that at the TSs O7H , where O7H hydroxyl group is not involved in the intramolecular specific interactions, the energy of all others specific interactions (O5H . . . O4, O3H . . . O4, O3H . . . C2 /C6 , C2 /C6 H . . . O3 and O4 . . . O5), especially of two first, slightly changes (no more than by 5%) in comparison with the analogous values for the starting or terminal conformers. It points on the fact, that strictly saying, specific intramolecular contacts are not interactions, which are localized at the defined set of atoms and are dependent on the conformational state of the whole molecule.
It was observed interesting dependencies of the influence of the rotation of the hydroxyl group around the C-O bond on the energy of the specific intramolecular interactions for the TSs O5H (Figure 2 , Tables 2 and 5 ). In the case of the conformational transitions in the non-planar conformers of the quercetin molecule this influence on the energies of the O3H . . . C2 /C6 H-bonds and attractive O4 . . . O5 vdW contacts could be neglected, since it is insignificant. Transition of the O5H hydroxyl group at the TSs of the planar conformers caused insignificant increasing of the energy (by 0.07 kcal mol −1 ) of the O4 . . . O5 contact in comparison with the final conformers. At the same time, the energy of the O3H . . . O4 H-bond significantly increased (by 40%) in comparison with the analogous values for the starting conformers, and the energy of the C2 /C6 H . . . O3 H-bonds remained almost unchangeable (Table 5) .
At the transition of the O3H group at the TSs, the energy of the C2 /C6 H . . . O3 H-bonds decreased by 25%, and energy of the O5H . . . O4 H-bonds increased by 30% in comparison with the analogous value for the starting conformers. At the same time, the energy of the attractive O4 . . . O5 vdW contacts increased by 0.3% in comparison with the analogous value for the starting conformers (Table 5) .
Under standard conditions the activation barriers of the Gibbs free energies ∆∆G TS form the following order of priority: ∆∆G TS O7H (3. Table 5 ). By analyzing the rearrangement of the specific intramolecular contacts (H-bonds and vdW contacts) it was established that in the case of the rotation of the O7H hydroxyl group these contacts remained (Figures 1-3, Table 5 ). In particular, in the case of the interconversion of the planar conformers of the quercetin molecule there were three specific contacts: Finally, the most exotic situation was observed at the interconversion of the conformers, which all were non-planar, through the rotation of the O3H hydroxyl group-at this, three intramolecular specific contacts ( It attracted attention that behavior of the O7H hydroxyl group significantly differed from the other two hydroxyl groups-at its turning on 180 degrees around the C7-O7 bond relative Gibbs free energy of the molecule changed insignificantly (no more than on 0.75 kcal·mol −1 ) with four exceptions (Table 1) . Moreover, dihedral angle HO7C7C8/HO7C7C6, which describes the orientation of this group in the transition state relatively the A ring, differs from the right angle maximally by the 3.4 degree ( Table 1) .
Since the hydroxyl group was quite polar fragment, it is understandable, that all 72 conformational transitions without exceptions were dipole-active ( Figures 1-3 , Tables 1-3 ). That is, they were accompanied by the significant changing of the dipole moment of the molecule as by the absolute value, so by the spatial orientation.
Revealed conformational processes were in the range from 5.6·10 −15 to 1.7·10 −10 s-time, which is necessary to acquire thermal equilibrium, did not exceed 6.5 ns (Tables 1-3) .
The calculations revealed four dynamically unstable conformers-20, 23, 43 and 44 (∆∆G < 0), which was caused by the quite short lifetime (5.6 × 10 −15 , 9.1 × 10 −15 , 7.7 × 10 −14 and 2.2 × 10 −14 s) for the 1↔20, 6↔23, 28↔43 and 31↔44 conformational transitions (Table 3) . However, at their immersion into the solution with the dielectric permittivity ε = 4, which corresponded to the interfaces of the biomolecular interactions [16, 17] , they became dynamically stable with a lifetime 10 −12 s (2.8 × 10 −12 , 5.5 × 10 −12 , 4.6 × 10 −12 and 2.7 × 10 −12 s, accordingly).
We also explored interconversions of the enantiomers (two stereoisomers, right (R) and left (L), that are mirror reflections of each other) of the non-planar conformers with C 1 point symmetry-13-18, 20, 23, 24, 26, 29, 30 and 37-48 ( Figure 4 , Table 4 ). Enantiomers, as it is known, had the same scalar physico-chemical properties and differed only by the spatial orientation of the dipole moments.
It is quite interesting to consider the structural mechanisms of the interconversion of the enantiomers of the non-planar conformers of the quercetin molecule.
We revealed that the above-mentioned enantiomers could mutually interconvert by the two different pathways from the energetical and topological points of view: first, through the quasi-planar TS and second, through the mirror-symmetric torsional motion of the O3H hydroxyl group through the corresponding planar conformers (with O3H...O4 and C2 /C6 H...O3 H-bond [16] ) as intermediate.
Comparison of the activation energy of Gibbs free energies of these two pathways of interconversion indicate that enantiomers of the non-planar conformers of the quercetin molecule most probably mutually interconvert according to the first mechanism-through the quasi-planar TSs with C 1 point symmetry (HO3C3C2C1 = ±(11.0-19.1), HC2 /C6 C1 C2 = ±(0.6-2.9) and C3C2C1 C2 /C3C2C1 C6 = ±(1.7-9.1) degree; ∆∆G TS =1.65-5.59 kcal·mol −1 ; Table 4 ). This effect was caused by the great structural flexibility of the molecule: there were low-frequency (ν < 100 cm −1 ) modes in its vibrational spectra, corresponding to the motions of the (A + C) and B rings around the C2-C1 bond.
We established that the processes of the interconversion of the significantly non-planar enantiomers (C3C2C1 C2 /C6 42-44 degree [16] ) occurred through the rearrangement of the (A + C) and B rings of the quercetin molecule into the quasi-planar structures. TSs of these transitions had quasi-planar architecture (HO3C3C2C1 = ±(11.0-19.1); HC2 /C6 C1 C2 = ±(0.6-2.9); C3C2C1 C2 /C3C2C1 C6 = ±(1.7-9.1) degree) and were characterized by the imaginary frequencies, which were in the range 221.3-347.9 cm −1 . Gibbs free energy barriers for these reactions were quite low (1.65-5.59 kcal mol −1 ), that is they were proceeding quite easily (τ 99.9% = 8.52 × 10 −12 -6.46 × 10 −9 s; Table 4 ).
By following the IRC calculations, we established that firstly it occurs by the moving of the O3H hydroxyl groups and C2 H/C6 H groups of the B ring in the opposite directions, followed by the rearrangement of (A + C) and B rings via the rotation around the C2-C1 bond, leading to the decreasing of their dihedral angles (Table 4 ). At this, the intramolecular O3H . . . C2 H/C6 H H-bonds between the (A + C) and B rings switch into the dihydrogen O3H . . . HC2 /C6 H-bonds (4.58-4.78/4.70-4.84 kcal mol −1 ). At this new intramolecular unusual C2 /C6 . . . O1 H-bond (4.67-4.73/4.63-4.70 kcal mol −1 ) also arose. Notably, at these transformations the C3C2C1 and C2 /C6 C1 C2 angles increased (126→130 and 122→125 degrees, respectively) in order to enable the arrangement of the (A + C) and B rings and O3H and C2 H/C6 H hydroxyl groups in the plane. Earlier such H-bonds have been observed in the dozens of the prototropic tautomers, which are isomers differing by the positions of the protons and π-electrons [49] , of the quercetin molecule [50] . Their characteristic property is the unusual range of angles of the C2 H/C6 H . . . O1 H-bonding = 98.1-99.9 degree (Table 5) .
It is interesting to note, that planar structures with zero values of the HO3C3C2C1, HC2 /C6 C1 C2 and C3C2C1 C2 /C3C2C1 C6 angles (point symmetry C s ) were characterized by the presence of the two imaginary frequencies (19.5-40.2 and 466.1-538.6 cm −1 ), had higher Gibbs free energies (0.69-1.53 kcal mol −1 ) than quasi-planar TSs, while close values of the dipole moment, and they should be considered as so-called TSs between the just-mentioned non-planar TSs, which control interconversion of the enantiomers of the quercetin molecule ( Figure 4 and Table 4 ).
We are convinced that obtained by us data according the structurally symmetrical mechanisms of the interconversion of the enantiomers of the 24 non-planar conformers of the quercetin molecule are quite important for the understanding of the nature of the stereo-specific interaction of this legendary molecule with molecular targets. Table 1 . Energetic, polar, structural and kinetic characteristics of the conformational transitions in the isolated quercetin molecule via the mirror-symmetrical rotations of the O7H hydroxyl group around the C7-O7 bond through the transition states with a non-perpendicularly oriented O7H group, obtained at the MP2/6-311++G(2df,pd)//B3LYP/6-311++G(d,p) level of quantum-mechanical (QM) theory under standard conditions (see Figure 1 ). Table 3 . Energetic, polar, structural and kinetic characteristics of the conformational transitions in the isolated quercetin molecule via the mirror-symmetrical rotations of the O3H hydroxyl group around the C3-O3 bond through the transition states with a non-perpendicularly oriented O3H group, obtained at the MP2/6-311++G(2df,pd)//B3LYP/6-311++G(d,p) level of QM theory under standard conditions (see Figure 3 ) *. Table 4 . Energetic, polar, structural and kinetic characteristics of the interconversions of the enantiomers of the non-planar conformers of the isolated quercetin molecule via the quasi-planar TSs with C 1 point symmetry, obtained at the MP2/6-311++G(2df,pd)//B3LYP/6-311++G(d,p) level of QM theory under standard conditions (see Figure 4 ) *. Table 1 . Subscripts "R" and "L" denotes "Right" and "Left" enantiomers. a The dihedral angle, which forms the O3H hydroxyl group accordingly the C ring of the quercetin molecule, degree. b The dihedral angle, which forms the C2 H/C6 H groups accordingly the B ring of the quercetin molecule, degree. c The dihedral angle, which describes the mutual orientation of the (A+C) and B rings of the quercetin molecule, degree. Sings "±" correspond to enantiomers. 
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Conclusions
As a result of the in silico scrupulous investigation at the MP2/6-311++G(2df,pd)//B3LYP/6-311++G(d,p) level of QM theory, we investigated in details revealed conformational pathways, which are connected with the torsional mobility of the hydroxyl groups at the 3, 5 and 7 positions and interconversion of the enantiomers of the non-planar conformers of the quercetin molecule, and also their structural, energetic and polar physico-chemical characteristics, representing the hidden side of the conformational mobility of the quercetin molecule mentioned in the article title.
1.
It was established, that conformational mobility of the isolated quercetin molecule, which is connected with the mirror-symmetric torsional mobility of its O3H, O5H and O7H hydroxyl groups, were controlled by the 72 transitions states with the non-orthogonal geometry (C 1 point symmetry). In the cases of the turnings of the O7H and O5H hydroxyl groups, TSs were stabilized by the participation of the specific intramolecular interactions-attractive O4 . . . O5 vdW contacts and C2 /C6 H...O3 H-bonds, respectively. Activation barriers of the Gibbs free energies formed the following series under the standard conditions: ∆∆G TS O7H (3.51-4.24) < ∆∆G TS O3H (9.04-11.26) < ∆∆G TS O5H (12.34-16.17 kcal·mol −1 ).
2.
Conformational rearrangement of the O3H and O5H groups was partially controlled by the intramolecular specific interactions O3H . . . O4, C2 /C6 H . . . O3, O3H . . . C2 /C6 , O5H . . . O4 H-bonds and attractive O4 . . . O5 vdW contacts, which were flexible and cooperative.
3.
Mutual transformation of the enantiomers of the non-planar conformers of the quercetin molecule realized via the 24 quasi-planar TSs with C 1 point symmetry (∆∆G TS = 1.65-5.59 kcal·mol −1 ), which were supported by the participation of the intramolecular O3H...HC2 /C6 ( 4.7/4.8) and C2 /C6 H . . . O1 ( 4.7 kcal mol −1 ) H-bonds.
4.
All investigated conformational transitions were accompanied by the significant changes of the dipole moment of the molecule as by the absolute value, so by the spatial orientation.
5.
Investigated conformational transformations were quite quick processes-time, which is necessary to acquire thermal equilibrium, did not exceed 6.5 ns.
